One of the key problems in managing the realization of a construction project is the selection of appropriate working crews and coordinating their activities in a way that ensures the highest degree of implementation of de ned goals (minimizing the project duration and/or reducing downtime and related costs). Most of the existing methods of work harmonization used in construction industry allow obtaining the desired results only in relation to the organization of the processes realization in repetitive linear projects. In case of realization of non-linear construction objects or construction units, it is usually necessary to choose between the reduction of the project implementation time and maintaining the continuity of crews work on the units. It was found that there is a lack in the literature of developed method enabling harmonization of crews' work, while minimizing the downtime at work and the duration of the entire project taking into account additional constraints, e.g. the need to not exceed the deadlines for the realization of the project stages. The article presents the concept of a multi-criteria optimization method of harmonizing the execution of nonlinear processes of a multi-unit construction project in deterministic conditions. It will enable the reduction of realization time and downtimes in work, taking into account the preferences of the decision maker regarding the relevance of the optimization criteria. A mathematical model for optimizing the selection of crews and order of completion of units in multi-unit construction projects was also developed. In order to present the possibility of usage of the developed concept, an example of the optimal selection of crews and their work schedule was solved and presented. The proposed method may allow for better use of the existing production potential of construction enterprises and ensure synchronization of the crews employed during the work, especially in the case of di culties in acquiring quali ed sta in construction industry.
Introduction
The conditions for the realization of construction projects are speci c and signi cantly diverge from those that occur while carrying out projects in other areas of the economy. Long duration of construction project realization, variability of environmental conditions, in uence of atmospheric conditions, high material consumption, individuality of design projects, internal and external organizational problems make planning the realization of construction projects a task that causes many problems. Speci c and more complex conditions for the realization of construction projects make it pointless to apply the methods and tools of work organization known from industrial production (Tomczak, 2013; Jaśkowski and Tomczak, 2015; Tomczak and Rzepecki, 2017; Tomczak and Jaśkowski, 2018) . Whereas, methods traditionally used for scheduling in construction industry (network planning methods CPM, PERT, PD) give good results only in the case of planning processes with the same labor intensity on all construction units. In practice, projects containing only homogeneous processes are rare. Functional and aesthetic aspects of construction objects result in the need of changing the spacing of load-bearing elements of constructions, and thus makes it impossible to level the times of realization of processes and makes it di cult to harmonize the work of crews. In such cases, construction managers, using traditional methods of scheduling, based in many cases on the use of network planning methods, cannot simultaneously take into account the relevant criteria for optimizing schedules: minimizing the time of completion of the entire project and downtime of crews work and seeking compromise solutions. The rst optimization criterion is characteristic of the resource-constrained project scheduling problem (RCPSP) known in the literature, while the second is the resource leveling problem (RLP) (with the de ned directive completion date of the project). Applying such methods may result in obtaining schedules that do not satisfy the contractors and do not meet their requirements. The schedule prepared with only the continuity of the crews' work taken into account is often characterized by an unacceptably long period of realization of the project. That results in the need to incur additional avoidable nancial resources as part of indirect construction costs. While the minimization of only the time of completion of construction works will lead to poor organization of crews and incurring unnecessary costs associated with their downtime on the construction site. Another criterion often taken into account when setting the work schedule is to ensure the continuity of work on the construction units. Long downtime of work on the construction units may cause the client to feel that the contractor does not have su cient resources to carry out the project, or result in increased costs dependent on time, such as the rent of machinery and equipment. In case of bothersome public projects, e.g. road repairs, long-term stoppages on construction units may cause dissatisfaction of public opinion.
Determining appropriate schedules and allocating resources is the responsibility of operational research, discrete optimization and combinatorial programming, especially in industrial engineering. The RCP problem can be presented as a ow shop problem known from operational research. In this case, the crews correspond to the machines, the units correspond to the jobs, and the construction activities correspond to the operations (Jaśkowski, & Biruk, 2019) . There are many variants of permutation ow shop problem, and the following can be used to describe construction repetitive projects (Makuchowski, 2015 Jaśkowski and Tomczak (2017) developed a mathematical model of the problem of minimizing work downtime among the crews of the general contractor at a directively xed time and cost limit of the project realization, taking into account the limitations in the availability of crews and the possibility to subcontract the works. Thanks to subcontracting of specialized works, it became possible to obtain a greater degree of work harmonization of the resources involved, and consequently to ensure continuous and steady production, while fully exploiting the general contractor's executive potential.
Nikoofal Sahl Abadi et al. (2018) have developed a multiobjective integer nonlinear programming model that optimizes two criteria: the costs of uctuating employment of work crews and the duration of the entire project. Three algorithms were used to nd solutions that met the Pareto condition of the developed model: non-dominated sorting genetic algorithm-II (NSGA-II), strength Pareto evolutionary algorithm-II (SPEA-II), and multiobjective particle swarm optimization (MOPSO), and then their e ectiveness was compared. Tang et al. (2018) proposed a linear project resource leveling model (Line of Balance-based Resource Leveling Model, LOBRLM) based on the Line of Balance and constraint programming (CP) techniques. The LOBRLM includes synchronized scheduling of activities and leveling allocation of resources without the need to specify a xed schedule. In addition, to facilitate the implementation of LOBRLM and the visualization of tasks in a manner known to construction managers, a scheduling support system called LOBSS was developed.
Jaśkowski and Biruk (2018) considered the e ect of introducing soft relations into the model of a construction project. In the example they de ne, the part of the sequence relations between the processes has been de ned as xed (hard), and the part as soft relations, which allow execution of processes in reversed order or that can be canceled. The introduction of a new type of relationship between processes is aimed at increasing the use of the production potential possessed by the contractor. Podolski (2017) presented the problem of scheduling the multi-unit construction project as a permutation ow shop problem. In order to obtain shorter realization dates of the project, the developed model allows any order of realizing the units for each process. This concept assumes that resources are available all the time, which is rare in practice. The Tabu Search algorithm was developed to solve the model.
The impact of learning and forgetting e ect during the completion of repetitive construction processes was considered in the works (Biruk and Rzepecki, 2017; Rzepecki and Biruk 2018). The learning theory is used to mathematically describe the relationship between the number of repetitions and performance. It is used for homogeneous production operations, during which the employee continuously improves his or her skills or seeks to ensure a better ergonomics of his or her workplace. An increase in the number of repeated operations leads to the acquisition of more and more practice, and thus to a reduction in the time and cost of their implementation. Due to the discontinuity of the work of working teams, the forgetting e ect, which is proportional to the duration of breaks (the period in which the team does not perform the same type of work), should also be taken into account. Biruk and Rzepecki have developed a simulation program for planning repetitive processes carried out in random conditions to determine the learning and forgetting e ect for the duration of the project. As a result, it was possible to shorten the time of the project realization.
Whereas GarcíaNieves et al. (2018) have developed multimode RCPSP model, which achieved makespan minimization considering the optimum execution of crews and starting times for all subactivities. For this purpose, the authors have introduced multiple execution modes for the same activity through the use of unidirectional changes in optimum crew size throughout an activity execution, which is called acceleration routines.
Birjandi and Mousavi (2019) studied RCPSP with multiple routes (RCPSP-MR) for exible project parts in order to optimize the cost of the entire construction project. Flexible activity means the activity that has multiple routes (i.e., technology) for its carrying out. The method developed by them is based on nonlinear programming under the fuzzy environment. The fuzzy mixed integer nonlinear programming problem model was solved using a genetic algorithm, particle swarm optimization and the CT-PHA meta-heuristic algorithm, and then comparing their e ectiveness.
It was observed that despite the popularity of discussed topics in the literature there are no multi-criteria methods to obtain compromise solutions and enable harmonization of crews work in realization of repetitive processes while minimization of downtime at work and time of realization of the entire project taking constraints. The example may be the need to not exceed the directive deadlines for the realization of the project stages.
The mathematical model of the problem . Method Approach
De nitions the sets, parameters and variables of the mathematical model are included in Table 1 .
The paper introduces a case, which is made of the following sets, in hierarchical order: Construction projects with such a hierarchical structure are quite common in the construction industry. An example of such a project may be e.g. construction of a housing estate: objects are separate buildings, units -parts of buildings between consecutive construction expansion joints (the least structurally detachable part of the building), activities -construction processes. Some crews can execute several di erent activities, but not simultaneously. In case when to a pair activities (u, v) ∈ Jr will be assigned the contractor r (xur = ∧ xvr = ), these activities cannot be executed simultaneously (in parallel). The order of execution of these activities will be modeled using the binary variables yuv ∈ { , }. It also means that the sequence of performing the activities by the same crews will be xed on di erent units, which is desirable for organizational reasons -repeatedly performing the same activities several times allows for increasing the e ectiveness of the crews. Execution time of activity j on the unit l by crew r
The activity pairs (u, v) that meet the following Binary variable, which indicates decision on the selection of contractors for the realization of activities. It will take the value , when the activity j will be executed by the contractor r, and the value otherwise.
yuv Binary variable, which indicates the order of execution of activities u and v. It will take the value , when the activity u will be executed before the beginning of the activity v, and the value otherwise.
p jlr
Additional variable, which establishes the deadlines in the model for each crew r and for each activity j on each unit l. If the activity j will be realized by the crew r, this variable will take the value equal to the start date of realization of activity j on the unit l, otherwise value . It is equal to p jlr = s jl · x jr . Due to the nonlinear nature of the discussed relation, in the model it was replaced by additional linear relations ( ) -( ) (see Table ) , which allowed to maintain the linear character of the model.
. The Optimization Criteria
The selection of activity contractors and setting deadlines for their realization will be made in a manner ensuring that three criteria are taken into account: minimizing the time of completion of the entire project, reducing downtime in crews work and reducing downtime at unit of works by means od mixed-integer-linear programming (MILP) approach.
In general, the problem of multicriteria optimization can be formulated as follows: nd a vector of decision variables
the one that optimizes the vector function
and meets the imposed constrains
where α = , , ..., ω -set of decision variables indexes, η = , , ..., ξ -set of criteria indexes. The analyzed object is described by decision variables, which are subject to change in the optimization process, and by parameters -values determined earlier (assumed project objectives) remaining as constant in the whole optimization process. Decision variables are de ned in the ω-dimensional space of decision variables A ⊂ R ω . The area of acceptable solutions X determines the limits imposed on decision variables and forms part of the decision variables space (Montusiewicz, 2012). For non-dominated solutions no goal function can be improved without simultaneously deteriorating one of the other goal functions. Non-dominated solutions form a set of non-dominated solutions (a Pareto set), which is a subset of feasible solutions, and the calculated criteria values form a set of assessments of non-dominated solutions, which is a subset of assessments of feasible solutions (Montusiewicz, 2012) . The problem of choosing the best solution from the Pareto set is not trivial because it depends on many aspects (e.g. the importance of the goal functions, the nature of the construction project, etc.) This process is known as multi-criteria decision making (Nguyen et al., 2014) .
One of the most popular methods of determining nondominant solutions is using a Chebyshev weighted distance (Jaszkiewicz et al., 2001; Clímaco, & Pascoal, 2016; Jaszkiewicz, 2018) . It expresses the size of losses resulting from the di erences between the implementation of objectives in the generated solutions and ideal levels of their implementation. This approach requires solving singlecriterion tasks in advance with constraints of the multicriteria optimization task. Since the default start date of the project equals zero, the minimum time of completion of the entire construction project is equal to the date of completion of the last activity on the last unit:
The total time of downtime in each crew's work will be calculated as the di erence between the dates of starting the work of a given crew in the realization of the analyzed project, completion of its work and the total time of execution of the activity entrusted to it. The minimum total downtime at work can be represented by the following equation:
Complying with the principles of organizing construction works, it is desired that the crews performing particular construction activity ll the entire front of construction works on the construction unit. De ning a construction project using a directed graph G illustrates a more general case that allows simultaneous carrying out of various activities on the same construction units. In practice, this is a rare situation -most often construction activities make up to a series of activities carried out one after the other. Another common case is the presentation of a construction project using a general graph directed G with an additional constraint preventing simultaneous execution of various activities on one construction unit. Of course, although cases where several activities are executed on one unit at a time are not frequent, they occur in construction projects. This situation requires introducing additional variables into the model, e.g. binary variables equal to 1, when at a given time (after starting of works on the unit and before their completion) work is not carried out on the given construction unit and equal to 0 otherwise. The mathematical model containing these variables becomes very complex and the use of commercial solvers to work it out seems to be ine ective, and it becomes legitimate to use metaheuristic algorithms. In the developed model it was assumed that the activities will be carried out in series. The downtime on the construction units will be calculated as the di erence between the dates of starting the work on the given unit, completion of the last activities unit and the total time of execution of all activities de ned by the sequence of activities. The shortest possible down-time on working unit is:
The goal function (substitute criterion) of the issue of selecting multi-skilled crews to carry out the activities and setting completion deadlines in a multi-object project (with assumed directive project deadlines and individual objects). At the same time minimizing the duration of the entire project, downtimes in crews' work and downtimes at unit of works takes the following form:
The weighted Chebyshev metric is not linear in itself, but is a minimax task (in this case). Transforming a minimax task into a linear programming task is very simple and well known. The goal function takes on the form:
subject to: ) .
Model Constraints
Model constraints are given in the Table 2 .
Example
The proposed approach used to determine the optimal schedule and selection of the most appropriate crews to carry out various construction processes (activities) in an exemplary construction project. The analyzed project includes the construction of two objects -the rst consists of four construction units and the second of ve (units are marked as UX, X = , , ..., ). A sequence of six activities (activities are marked as PY , Y = , , ..., ) should be executed on each unit. There are ve crews available -A, B, C, D and E. Possible assignment of crews to particular activities is given in Table 2 (crew A or B can be assigned to activity 2 and crew C or D can be assigned to activity P4). The times of activity execution by individual crews on objects and units have been summarized in Table 3 . The project must end within a maximum of 170 days.
To demonstrate the proposed mixed-integer-linear programming (MILP) approach and to compare its solution with single goal proposals the mathematical model was solved in two stages. In the rst stage, for each singlecriterion alternative: • minimization of the realization time of the entire project (Solution 1; S1), • minimization of downtime in crews work (Solution 2; S2), • minimization of downtime of work on units of works (Solution 3; S3), and in the second stage for the Compromise Solution, with weighting criteria values equal to w = w = w = .
(Compromise Solution; CS). The Lingo14.0 (LINDO Systems, 2014) program on PC Intel Core i5, CPU 2 gigahertz was used for the calculations. For a task of this size (2 objects, 9 units, 6 activities on each unit, 5 crews) the task contains 630 variables, 1308 linear constraints and 6539 non-zeros. The elapsed runtime of computations amounted to 11.84 seconds. The solutions of the threecriteria optimization model and the compromise solution are presented in Table 4 . A detailed schedule of a compromise solution is presented in Figure 1 , and the crew employment schedule for a compromise solution in Figure 2 .
The results for this particular example with speci c criteria weights, which are presented above indicate that it is justi ed to simultaneously take into account three, above-mentioned criteria, for minimizing which (in the task of three-criteria optimization) the most balanced result was obtained. This result ensures bene cial organization of works in multi-unit construction projects through rational selection of work crews and deadlines for activity realization. As predicted, aiming only at minimizing downtimes of crews work or downtimes on unit of works leads to obtaining results that are not very e cient in practice. Schedules of the example project obtained for the tasks of single-criterion optimization, separately taking into account the above mentioned criteria looks like very unfavourable in terms of the time of completion of the entire project and the organization of construction works. As demonstrated, they can also lead to protracted construction work on individual units, and each investor wants the construction objects to be commissioned as soon as possible -this means quicker capital recovery and / or repayment of the loan. Moreover, the analysis of the solution in the various alternatives can provide indications of the project costs, including active and idle crews. 
Conclusions
The article presents a method enabling harmonization of the crews work (their selection and synchronization of their work over time), while minimizing downtime at work and the time of realization of the entire project taking into account additional limitations. This method allows to obtain compromise solutions by taking into account three criteria: minimizing the time of realization of the entire project, minimizing downtimes in the work of crews and minimizing downtimes in work on the construction units. It is a combination of two traditional approaches to the harmonization of work on the construction site: RCPSP and RLP are both adequate for repetitive processes. The obtained results were compared to analogous examples with the minimization of each criterion separately. The results obtained using the approach described in the article, while minimizing all three criteria, proved to be the most desirable. Table 4 : Values of individual criteria (C1, C2, C3) for solutions of single-criterion alternative (S1, S2, S3) and a compromise solution (CS) (expressed in days). S S S CS C C C 
